The development of germ cells has been intensively studied in Medaka (Oryzias latipes). We have undertaken a large-scale screen to identify mutations affecting the development of primordial germ cells (PGCs) in Medaka. Embryos derived from mutagenized founder fish were screened for an abnormal distribution or number of PGCs at embryonic stage 27 by RNA in situ hybridization for the Medaka vasa homologue (olvas). At this stage, PGCs coalesce into two bilateral vasa-expressing foci in the ventrolateral regions of the trunk after their migration and group organization. Nineteen mutations were identified from a screen corresponding to 450 mutagenized haploid genomes. Eleven of the mutations caused altered PGC distribution. Most of these alterations were associated with morphological abnormalities and could be grouped into four phenotypic classes: Class 1, PGCs dispersed into bilateral lines; Class 2, PGCs dispersed in a region more medial than that in Class 1; Class 3, PGCs scattered laterally and over the yolk sac area; and Class 4, PGCs clustered in a single median focus. Eight mutations caused a decrease in the number of PGCs. This decrease was observed in the offspring of heterozygous mothers, indicating the contribution of a maternal factor in determining PGC abundance. Taken together, these mutations should prove useful in identifying molecular mechanisms underlying the early PGC development and migration. q
Introduction
Germ cells mediate inheritance in sexually reproducing organisms. In many animals, primordial germ cells (PGCs) are separated from somatic cell lineages early in development, migrate through somatic tissues following a route that varies among species, and then colonize in the developing gonads (McLaren, 2003; Raz, 2003; Wylie, 1999; Wylie, 2000) . The lineage specification of PGCs and their migration involve multiple steps, but molecular mechanisms underlying these steps largely remain to be elucidated. In addition, the regulation of individual steps could be different from one animal species to another. Medaka (Oryzias latipes) is suited for forward genetic screening as is zebrafish (Danio rerio) among vertebrates (Driever et al., 1996; Haffter et al., 1996; Wittbrodt et al., 2002) . It is known that the initial distribution of PGCs in early-stage embryos and their migration pathways before entering the gonad-forming dorsal mesentery area are significantly different between zebrafish (Braat et al., 1999; Olsen et al., 1997; Weidinger et al., 1999; Weidinger et al., 2002; Yoon et al., 1997) and Medaka (Hamaguchi, 1982; Shinomiya et al., 2000) . Thus, if there are conserved mechanisms underlying early-stage PGC development, comparison between these two fish species will provide important information on such mechanisms.
We have thus undertaken a large-scale and systematic screening for mutations affecting the development of PGCs using Medaka. We screened for the abnormal distribution of PGCs at embryonic stage (st.) 27 by in situ hybridization for the Medaka vasa homologue (olvas). At a late gastrula stage, PGCs are widely scattered in the posterior one-third of the embryonic shield, and through a series of cell population-organization and cell migration steps, PGCs cluster into two bilateral clumps at st. 27 on the ventrolateral sides of the trunk at the axial level where the posterior trunk detaches from the yolk (Shinomiya et al., 2000; Tanaka et al., 2001) . We identified 11 mutations causing the abnormal distribution of PGCs and eight mutations causing a decrease in the number of PGCs. This represents the first large-scale and systematic mutant screening focusing on early-stage PGC development in vertebrates.
Results

Design of a screening for mutations affecting development of PGCs
To visualize PGCs in developing embryos, we hybridized fixed embryos with an olvas probe. To screen for mutations affecting the distribution of PGCs, we selected stage 27 at which PGCs have migrated to the ventrolateral areas of the trunk and have formed bilateral cell clusters before they eventually migrate to the dorsal mesentery area where the gonads later develop.
Nineteen mutations affecting early PGC development were identified by the screening of 507 F2 families corresponding to 450 mutagenized haploid genomes. These mutations were classified into two groups. The first group (11 mutations) included mutations that caused an alteration in the distribution of PGCs and the second group (8 mutations) included mutations that decreased PGC abundance. The characteristics of these mutations are summarized in Table 1 .
Group 1 mutations affecting distribution of PGCs
The mutations of this group were further categorized into four phenotypic classes: Class 1, PGCs dispersed along two bilateral lines; Class 2, PGCs dispersed in a region more medial than that in Class 1; Class 3, PGCs scattered laterally and over the yolk sac; and Class 4, PGCs clustered in a single median focus. These mutations are described below.
Class 1 mutations causing dispersion of PGCs into two bilateral lines
These mutations were recessive except for matsuba (mat j21-35C ), and complementation tests identified five distinct responsible genes, namely, yanagi (yan), kamigamo (kmg), shimogamo (smg), otafuku (ota), and matsuba (mat); one of these (kmg) is represented by two mutations. Typical PGC distribution patterns in mutant embryos are shown in Fig. 1 . PGCs formed tight bilateral clumps (Fig. 1A ) in wild-type embryos at st. 27. In all mutant embryos, however, PGCs did not coalesce but were loosely aligned in bilateral rows in the region more anterior than normal PGC clusters (Fig. 1B -G) .
Although the mutant of Class 1 genes showed similar phenotypes, they were associated with different somatic phenotypes, depending on the mutated genes (Table 1) . In yan mutant embryos, both the migration of PGCs (Fig. 1B) and the positioning of lateral line organs were affected Furutani-Seiki et al., 2004) , raising the possibility that the migration of primordial cells for gametes and lateral lines are under analogous regulation. Homozygotes of yan were viable and fertile (data not shown).
The homozygous kmg, smg, and ota mutations caused lethality, mildly attenuated tissue development throughout the body at st. 27 ( Fig. 1H -Q) , and other morphogenetic defects (Table 1) . kmg and ota mutant embryos had narrower trunks than normal embryos at st. 27, kmg and smg mutants developed cystic pronephric ducts from 3 dpf (days postfertilization) (Fig. 1K,O) , smg mutants had small eyes (Fig. 1M ), and ota mutants had large heads and an excess of otic vesicles (Fig. 1Q) .
In the case of mat j21-35C mutation, crosses between candidate heterozygotes produced two types of embryo, one exhibiting widely dispersed PGCs aligned bilaterally along the trunk (Fig. 1F) , the other exhibiting a more moderate dispersion, analogous to the mutant phenotypes shown in Fig. 1G . Genetic crosses summarized in Table 2 indicate that the wide PGC dispersion occurs in the mat j21-35C homozygotes while the moderate PGC dispersion occurs in heterozygotes (Fig. 1G ). This suggests that the mat j21-35C mutation has a semidominant effect of PGC dispersion. The lower frequencies of the occurrence of the phenotypes than the expected Mendelian ratios may suggest an imperfect penetrance of the mutational effect.
2.4. Class 2 mutations causing dispersion of PGCs in the region more medial than that in Class 1 mutant embryos
In the akatsuki (aku) and sakura (sak) mutant embryos, PGCs were distributed in the more medial region of the trunk than that in Class 1 mutants. All of these mutations were recessive, and homozygosity caused lethality. In the aku mutant embryos, PGCs were variably scattered in the trunk with a fraction distributed along the midline (Fig. 2B,C) . It was noted that these mutant embryos also showed various degrees of defects in the structures along the midline, such as cyclopic eyes, small tecta and hindbrain, a thin notochord and a narrow somitic mesoderm at st. 27 ( Fig. 2F ,G,J,K). The extent of PGC scattering generally correlated with the severity of midline defects. Fig. 2C shows a severe defect, and Fig. 2B shows a milder defect with some PGCs accumulating at normal positions.
In the sak mutant embryos, PGCs were dispersed in bilateral longitudinal lines but this occurred in the more mediodorsal area than that in Class 1 mutants (Fig. 2D ). sak mutation also caused morphogenetic defects, such as small eyes, large tecta, flattened somitic mesoderm and an undulated notochord at st. 27 (Fig. 2H ,L).
Class 3 mutation causing scattering of PGCs
In naruto (nar) mutant embryos, PGCs were scattered radially and extended to the yolk area far from the embryo body at st. 27 (Fig. 3B ). However, some PGCs tended to aggregate, and to weakly line up analogous to PGCs in Class 1 mutants. The tail of nar mutants developed in a coiled form which was conspicuous after 3 dpf (Fig. 3D) . nar mutation was a recessive and homozygosity caused embryonic lethality.
Class 4 mutation producing one median PGC focus
In approximately 10% of manganji (man) mutant embryos only one median clump of PGCs was formed at st.27 (Fig. 4) . Generally, the median PGC clusters in the man mutant embryos assumed a V-shape, although there was a variation in the shape; two-thirds showed an extended V-shape (Fig. 4B) , and the remaining one-third were medially coalesced PGCs with a pair of anteriorly extending whiskers of olvas hybridization signals (Fig. 4C) . It was noted that all man mutant embryos had ambiguous somite boundaries caudal to the level of PGC clusters ( Fig. 4D ) and had a short tail ( Fig. 4B -D) at st. 27, indicating a defect in the caudal mesoderm. It is possible that this mesodermal defect is linked to the formation of median PGC clusters, and a variation in the anterior margin of the mesodermal Table 2 Frequency and extent of PGC dispersion in embryos carring mat mutation ) and aku mutant embryos with severe (G,K) or moderate (F,J) defects at st. 27. The aku mutant embryos develop defective midline structures as indicated by cyclopic eyes (J,K), medially fused somitic mesoderm and inferior notochord (F,G). In the sak mutant embryo, PGCs are loosely aligned bilaterally, but their locations were more medial than in Class 1 mutants (D). The sak mutant embryo also exhibits morphogenetic defects, such as small eyes, large tectum (L), flattened somitic mesoderm, and undulated notochord (arrowhead) (H). Broken lines in A and D indicate the lateral edges of the body. Dorsal views are shown, anterior part facing toward the top. defect may account for the low penetrance of this PGC phenotype. man mutation was zygotic recessive and caused embryonic lethality.
Group 2 mutations causing decrease in the number of PGCs
The number of PGCs is around 40 in wild-type embryos at st. 27 (Hamaguchi, 1982) . In the pedigrees of fish families carrying this class of mutations, the following or analogous observations were generally made, as exemplified by the j16-8A mutation. When females of a mutation-carrying family were crossed with wild-type males, in one-half of the embryos derived from the females had a significantly smaller number of olvas-positive cells, whereas such embryos were not observed using the males of the same family mated with wild-type females ðn ¼ 10Þ: In spite of the decrease in the number of PGCs in the embryonic stages, their fertility in adulthood was normal (data not shown). These observations indicate that j16-8A heterozygosity in females causes a decrease in PGC number in the next generation.
This was confirmed by crossing carriers of the j16-8A mutation with olvas-GFP transgenic lines. First an F2 female that produced embryos with a decreased number of PGCs and hence evaluated as a heterozygous carrier of the j16-8A mutation was selected. This female was then crossed with the transgenic male fish expressing the olvas promoterdriven GFP in germ cells . A control cross was also prepared using a wild-type female. Many GFP-positive germ cells were observed in the gonads of larvae derived from the wild-type mother at 8 dpf (Fig. 5D) , whereas fewer GFP-positive cells were noted in larvae derived from heterozygous mothers (Fig. 5E ). When the descendants of the fish reared from these larvae with a decreased PGC number were traced, approximately one-half of the females reproduced offsprings with a similar decrease in PGC number but males did not, confirming that heterozygous females caused this effect.
This heterozygous maternal effect of decreasing PGC number was confirmed in all eight identified mutations ( j6-13A, j8-2E, jr13-2C, j16-8A, j37-9C, j53-5D, j56-21F, j97-6E). We also obtained 15 more candidate mutations exhibiting the same feature.
Discussion
Migration of PGCs in normal embryos
The dynamics of PGCs in early Medaka development, and PGC migration and distribution have been studied by conventional histology (Gamo, 1961; Hamaguchi, 1982; Satoh and Egami, 1972) as well as by modern approaches using olvas in situ hybridization and olvas element-driven GFP transgenic fish (Shinomiya et al., 2000; Tanaka et al., 2001) . PGCs are first identified at the late-gastrula stage as olvas-expressing cells and scattered in the posterior onethird of the embryonic shield. After a series of cell population-organization and cell migration steps, two bilateral clumps of PGCs are formed around st. 27 on the ventrolateral sides of the trunk. The development of PGCs from st. 16 to st. 27 accompanied by dynamic cell movement can be divided into three major steps as illustrated in Fig. 6. Step 1, the convergent movement of PGC population toward the embryonic axis that occurs from the late gastrula to early neurula stages.
Step 2, the lateral separation and formation of aligned cell clusters lateral to the somites that occur from the early neurula to early somite-formation stages.
Step 3, the posterior compaction of elongated PGC clusters into a pair of tight cell clusters in the ventrolateral regions of the trunk. These clusters are formed at the axial level of the body where the trunk detaches from the yolk during the somite-forming stages. After these steps, these PGCs migrate to the dorsal mesentery where the gonads eventually develop, and this migration is completed at st. 34 (not shown in the Figure) .
In zebrafish, the entire migration process of PGCs in the first 24 h of development is divided into six steps (Weidinger et al., 1999; Weidinger et al., 2002) , but the steps of migration of olvas-positive PGCs from the blastoderm to the ventrolateral trunk correspond well to those described for Medaka. There are, however, significant differences in the actual processes of the same corresponding steps. First, the original distribution of PGCs is different between these two fish species. In Medaka late gastrula, all PGCs are located in the posterior one-third of the embryonic shield, whereas zebrafish PGCs derived from four foci near the blastula margin are always located at the periphery of the shield and mesoderm precursors of the gastrula. In Steps 1 and 2 of the formation of bilateral and lined-up PGC clusters, Medaka PGCs migrate through the posterior embryonic shield and converge near the embryonic axis before their bilateral separation. In contrast, in zebrafish, PGCs always move along the margin of a forming embryo at the gastrula stage, and bilateral PGC clusters are initially formed along the anterior and lateral margins of the somitic mesoderm in somite-formation stages. In Step 3, Medaka PGCs already in bilaterally elongated loose clusters migrate posteriorly and form a bilateral compact cluster. However, in zebrafish, anterior and posterior PGC clusters derived from anterior and lateral populations are first formed and then fuse.
Thus, although fundamental mechanisms underlying the genesis of PGCs and the migration and clustering of the PGCs can be universal, substantial differences in the mechanistic detail of PGC development may be expected between the two species of fish. The comparison between Medaka and zebrafish mutants will be interesting in terms of distinguishing the commonalities and uniqueness between the fish species. Step 1, PGCs are initially scattered in the posterior one-third of the embryonic shield, and at late-gastrula stage converge toward the embryonic axis.
Step 2, PGCs are excluded from the neural cord and somitic mesoderm areas and align bilaterally along the embryo axis.
Step 3, PGCs that are aligned in two bilateral lines migrate posteriorly and then form dense bilateral clusters in the ventrolateral areas of the abdomen. This PGC clustering occurs at the axial level, where the posterior trunk detaches from the yolk.
Correspondence of mutational defects and early migration steps of PGCs
Considering the normal migration and clustering of PGCs illustrated in Fig. 6 , it is possible to speculate retrospectively in which step the mutations caused the major defect (Fig. 7) .
It is possible that all Class 1 mutantions cause a defect in the clustering movement of PGCs in Step 3. In normal development, it seems that all PGCs migrate posteriorly, but migration halts at the axial level where the caudal trunk is no longer associated with the yolk. The simplest model is that Class 1 mutants lack this posterior migration of PGCs after being aligned bilaterally, possibly because of the loss of attraction from the posterior side or repulsion from the anterior side. It is yet to be determined whether the wider axial distribution of PGCs at st. 27 in the Class 1 mutants than that observed in st. 24 wild-type embryos (Fig. 7 , and data not shown) solely reflects the defective Step 3 as the model indicates. Five genes represented by six mutations belong to this class, and, except for the case of matsuba mutation, homozygosity causes defects in other organs. This indicates that multiple genes are involved in the posterior movement of PGCs and these genes are employed differentially in other organs.
On the other hand, Class 2 and Class 3 mutations appear to affect earlier processes involving Step 2. The aku mutant may be totally defective in the bilateral separation of PGCs during Step 2 after their initial convergence toward the embryo axis, while in the sak mutant the lateral separation of PGCs may fail halfway. Class 3 nar mutation may have an opposite consequence, that is, failure to terminate lateral cell separation at the right position, immediately external to the paraxial mesoderm. In nar mutants, residual reactions involved in Step 3 may be present, as judged by the occasional formation of PGC clusters and partial alignment of some PGCs.
Class 4 man mutation causes a unique phenotype of a medially positioned single PGC cluster. One-tenth of man homozygotes have one median PGC cluster in a V-shaped distribution, with some phenotypic variations (Fig. 4B,C) . This observation suggests that the bilateral PGC clusters, which are normally formed, merge on the midline during the posterior migration of PGCs at the Step 3 (Fig. 7) . The man mutant embryos also showed aberrant segmentation of caudal somites (Fig. 4D) , and have truncated tails, indicative of a posterior mesodermal defect. This defect could be responsible for the median coalescence of potentially bilateral PGC clusters.
Not limited to the man mutant embryos, the abnormality in trunk development can be the primary cause of the abnormal PGC distribution in some mutants. kam and ota mutations result in narrow trunk structures, and this may interfere with the normal interaction of PGCs with surrounding mesodermal tissues. The absence of the notochord in aku mutant embryos suggest that the lack of bilateral separation of PGCs reflects a defect in a repulsion mechanism dependent on the midline tissues. sak mutant embryos have a wide flattened somitic mesoderm and undulated notochord (Fig. 2H) , while nar mutant embryos have a curly tail (Fig. 3D) , suggesting an abnormality in mesodermal tissues in these embryos, but its correlation with their abnormal PGC distribution is unclarified. These observations indicate the importance of the interaction of PGCs with mesodermal tissues for the proper navigation of their migration.
Possible involvement of attractive and repulsive interactions in movement and clustering of PGCs
A developmental process involving the migration of cell populations is generally regulated by attractive and repulsive interactions between migrating cells and surrounding tissues. The mutant phenotypes illustrated in Fig. 7 are indicative of a defect in one such process, suggesting that the bilateral separation of PGC clusters in Step 2 and posterior migration in Step 3 (Fig. 6 ) are under attractive and repulsive cellular regulations.
Indeed, recent studies indicate that interaction between chemokine SDF-1a (Doitsidou et al., 2002) and SDF-1b (Knaut et al., 2003) and its receptor CXCR4b (Doitsidou et al., 2002; Knaut et al., 2003) has an important role in guiding PGCs along routes leading to the gonad in zebrafish and mouse (Ara et al., 2003; Molyneaux et al., 2003) . Interestingly, in zebrafish, embryos injected with antisense morpholino-oligonucleotides to attenuate the expression of SDF-1a or CXCR4b were simultaneously defective in the migration of PGCs and neuromasts, namely, the lateral line sensory primordium derived from a cranial placode (David et al., 2002; Doitsidou et al., 2002) . One of the Class 1 mutations of Medaka described here, yan mutation, also affects lateral line development Furutani-Seiki et al., 2004) , and another lateral line mutation, kazura (kaz), also causes defects in both lateral line development and early PGC distribution FurutaniSeiki et al., 2004) . Linkage analyses indicate that while kaz is linked to the Medaka cxcr4 locus, yan is linked neither to cxcr4 nor to sdf-1, raising the possibility that yan corresponds to a new component of the SDF-1/ CXCR4 pathway Furutani-Seiki et al., 2004) . Thus, in Medaka also, the migration of PGCs and lateral line primordia is under analogous regulation, suggesting the involvement of the SDF-1/ CXCR4 system in Medaka PGC migration, although PGC migration pathways are substantially different between Medaka and zebrafish as discussed above. Whether the affected loci are cxcr4 or sdf-1 in these mutations will be verified in future studies.
However, the SDF-1/CXCR4 system may not be the only regulatory mechanism for PGC migration, even limited to Step 3. Five different genes are assigned to Step 3, (Fig. 6 ) where and mutations of these genes causes a phenotype analogous to yan mutation (Table 1) , but mutant phenotypes in other organs are different. It should be noted that two of the Class 1 mutations, kmg and smg, cause cystic pronephric kidney, derived from the intermediate mesoderm (Serluca and Fishman, 2001) , considering a possible repulsive effect of the intermediate mesoderm on PGCs reported in zebrafish (Knaut et al., 2002) . It will be interesting to determine whether the activity of these genes is involved in repulsive interactions directing the migration of PGCs.
Regulation of PGC abundance
Group 2 mutations causing the reduction of the PGC population at st. 27 were frequent as Group 1 mutations. Genetic analysis as described in Section 2.6 indicates that the PGC number in the embryo decreased when the mother was a heterozygous carrier of the mutation. This indicates the important contribution of a maternal factor in the determination of the abundance of PGC in early PGC development. Genetic analyses on the basis of complementation test have been delayed by the complexity of the genetics of the maternally exerted effect, and the homozygous phenotype has not been determined. Genetic mapping of these mutants will clarify whether this abundant class of mutations is derived from ENU mutagenesis. An additional interesting observation was that a majority of offspring fish derived from heterozygous mothers of, for example j16-8A, were normally fertile regardless of the sex, in spite of the severe decrease in PGC number in the early stage of development. This may suggest a subsequent mechanism of regulating germ cell number, which is an interesting subject for future studies.
Screening of mutations affecting early migration of PGCs
In this work, mutations affecting the early distribution of PGCs were screened using olvas as the cell marker detectable by in situ hybridization. olvas expression was also used as a marker of germ cells in screening for mutations of later gonad development . As shown in Fig. 5 , olvas-GFP transgenic lines are useful in characterizing the mutants described here, but available transgenic lines activate GFP expression only after bilateral PGC clusters are formed . Therefore, new transgenic lines activating GFP expression early in the migratory stages of PGC development (Steps 2 and 3 in Fig. 6 ) are anticipated. Given the availability of the all pigmentation-suppressed lines in Medaka ('seethrough Medaka'; Wakamatsu et al., 2001 ) allowing the observation of internal fluorescence from early embryo to adulthood, such transgenic lines should be particularly useful in Medaka.
Experimental procedures
A three-generation screening for recessive mutations
Founder adult males of Cab-Kyoto line were treated with N-ethyl-N-nitrosourea (ENU) and mated with wild-type females to generate F1 fish (Furutani-Seiki et al., 2004; Loosli et al., 2000) . To detect embryonic recessive phenotypes of induced mutations, six random crosses were set up from each F2 family, and F3 embryos were subjected to in situ hybridization screening at st. 27 using antisense RNA probes of the Medaka vasa homologue (olvas) (Shinomiya et al., 2000) . Particular care was taken not to pick embryos showing a general developmental blockade. The developmental stages of embryos were determined according to Iwamatsu (1994) .
Whole-mount in situ hybridization
Dechorionated embryos were prepared using a hatching enzyme preparation (Ando and Wakamatsu, 1995) , fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4 8C for 2 days or longer, dehydrated using methanol and stored at 2 20 8C in methanol. Whole-mount in situ hybridization was performed as described by Shinomiya et al. (2000) using InsituPro2000 (Intavis).
Generation of transgenic fish
Transgenic Cab lines that express GFP in the germ cells were generated by the microinjection of the olvas-GFP vector to fertilized eggs at the one-cell stage, using the technique described by Grabher et al. (2003) . Transgenic lines were maintained by mating with nontransgenic fish.
Meanings of Japanese names of the mutants
yanagi, bending willow reminiscent of a curved lateral line; kamigamo and shimogamo, twin shrines in Kyoto having many common features but having individuality; otafuku, a mask of swollen face; matsuba, fine pine leaves; bilaterally aligned PGCs coalesce because of their migration to the posterior limit. It is not determined whether the anteroposterior extents of PGC distribution are determined by the migration of PGCs or by the growth of the trunk. Class 2 mutants are speculated to have a primary defect in Step 2 when cells undergo bilateral separation. The subsequent Step 3 may also fail as its consequence. In the model, the Class 3 nar mutant may have a defect in terminating Step 2, resulting in the distribution of PGCs further away from the normal position of PGC alignment to proceed to Step 3. Class 4 man mutant have a V-shaped single median PGC cluster in 10% of embryos, which is presumably derived from the fusion of two clusters. This medial clustering of PGCs may have resulted from a posterior mesodermal defect.
O akatsuki, dawn; sakura, cherry tree that blooms in spring; naruto, swirling tide; manganji, a thick and truncated paprika.
